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ABSTRACT
In  lo o s e - g r a in  s t u d ie s ,  u s e fu ln e s s  o f  th e  d a ta  I s  o f t e n  l im ite d  
by b ia s  fa c to r s  w hich  a r i s e  from th e  method o f  s e l e c t in g  g r a in s  fo r  
m easurem ent. C o r r e la tio n  or  tra n sfo rm a tio n  o f  lo o s e - g r a in  d a ta  to  
sed im en t volume " d is tr ib u t io n s "  i s  s u r p r is in g ly  d i f f i c u l t  and u n cer­
t a i n .  Three proced u res w ere a ttem p ted .
T ran sform ation  o f  sam ple d a ta  by m u lt ip l ic a t io n  o f  ob served  f r e ­
q u en c ie s  o f  measurements (o r  c a t e g o r ie s )  in v o lv e s  few assu m p tio n s, but 
c r e a te s  a c e r t a in  amount o f  r e s id u a l ,  " u n c o r r e c tib le "  b ia s ,  in  a l l  
sam ple s i z e s  sh o r t  o f  a com p lete  c e n su s . T h is  " u n c o r r e c tib le "  b ia s  i s  
a fu n c t io n  o f  th e  u n b iased  v a r ia n c e  and o th er  p r o p e r t ie s ,  and o f  th e  
sam ple s i z e .  I t  in c r e a s e s  d r a m a tic a lly  as th e  u n b iased  d i s t r ib u t io n  
sp read s and f l a t t e n s ,  and d e c r e a se s  a s y m p to t ic a lly  toward zero  as 
sam ple s i z e  approaches I n f i n i t y .
C o r r e la t io n  o f  sam ple s t a t i s t i c s  (mean and stan d ard  d e v ia t io n )  
w ith  " u n b iased " , v o lu m etr ic  d a ta , in  s e l e c t e d  m od els, in d ic a te s  th a t  
s e v e r a l  dangerous assum ptions must be a ccep ted  s im u lta n e o u s ly  in  ord er  
to  a r r iv e  a t  a u s e f u l  tech n iq u e  fo r  " c o rr e c tio n "  o f  lo o s e - g r a in  p o in t -  
cou n t d a ta  by c o r r e la t io n .
v i
A r t i f i c i a l  s o r t in g  (su ch  as s ie v in g )  w i l l  p ro v id e  m a te r ia l in  
w hich  b ia s  e f f e c t s  are m in im ized , and th e  s i z e  d is t r ib u t io n  i s  a p p ro x i­
mated from d ir e c t  measurements o f  w e ig h t in  each  c a te g o r y . However, 
b ia s  e f f e c t s  are  n ev er  c o m p le te ly  e l im in a te d , and th e  e f f o r t  sp e n t to  
e l im in a te  b ia s  i s  d i r e c t l y  p r o p o r tio n a l to  th e  number o f  c a te g o r ie s  
( i . e . ,  s i e v e s )  w hich are u sed .
v i i
INTRODUCTION
In  th e  p r o c e s s  o f  r e f in in g  g e o lo g ic a l  te c h n iq u e s , d a ta -g a th e r in g  
h as p r o g r essed  from v i s u a l  in s p e c t io n  to  s y s te m a t ic  measurem ent o f  
numerous p h y s ic a l  p r o p e r t ie s ,  in  some f i e l d s ,  and even  to  a ttem p ts  to  
a p p ly  e x o t ic  and s o p h is t ic a t e d  s t a t i s t i c a l  p roced u res to  th e  h a n d lin g  
o f  raw d a ta . T h ese  im provem ents a re  d e s ig n e d  to  I n c r e a se  th e  p r e c is io n  
a n d /o r  a ccu ra cy  o f  o b s e r v a t io n s ,  b u t som etim es o n ly  c o n fu se  and ob scu re  
th e  o b s e r v a t io n  o f  n a tu r a l phenomena due to  common la ck  o f  u n d ersta n d in g  
and c le a r  d e f i n i t i o n  o f  th e  problem s o f  m easurem ent.
One o f  th e  fundam ental c o n c e p ts  w hich  must be e s t a b l i s h e d  in  
advance o f  d a ta -g a th e r in g  in  sed im en ta ry  rock s i s  th e  r e l a t i v e  im por­
ta n ce  o f  (1 )  g r a in  volum e in  p r o p o r tio n  to  t o t a l  sed im en t vo lu m e, v e r su s  
(2 )  th e  number freq u en cy  o f  th e  component g r a in s .  I t  must be d ec id ed  
in  ad van ce, a cco rd in g  to  th e  n a tu re  o f  ea ch  problem , w h eth er  (1 )  ev ery  
g r a in  i s  j u s t  as im p ortant as e v e r y  o th e r  g r a in , o r  (2 )  eq u a l volum es 
o f  sed im en t a re  e q u a lly  im p ortan t r e g a r d le s s  o f  th e  number o f  g r a in s  
in v o lv e d .
For some academ ic and p r a c t i c a l  a p p l ic a t io n s ,  sed im en t volum e i s  
th e  e s s e n t i a l  c o n s id e r a t io n . The academ ic a p p l ic a t io n s  in c lu d e
(1 ) c l a s s i f i c a t i o n  o f  r o c k s , w hich  i s  b ased  on d e s c r ip t io n  o f  th e  rock  
in  term s o f  i t s  own volum e, and (2 )  e a se  o f  com parison betw een  d a ta  o f  
s e v e r a l  s t u d ie s  u s in g  d i f f e r e n t  measurement te c h n iq u e s , when some o f  
th e s e  te c h n iq u e s  a re  in e sc a p a b ly  r e la t e d  to  sed im en t volum e. T h is  l a s t
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Item  i s  e s p e c i a l l y  im p ortan t when com paring d a ta  on R ecent sed im en ts  ( o f  
known o r ig in )  w ith  d a ta  on a n c ie n t  sed im en ts  ( o f  d o u b tfu l o r  d isp u te d  
o r i g i n ) , s in c e  m ost d a ta  on R ecent sed im en ts  a re  g a th ered  u s in g  lo o s e -  
g r a in  o r  s i e v in g  te c h n iq u e s , w hereas many a n c ie n t  sed im en ts  are  so  
in d u ra ted  th a t  o n ly  ch em ica l or  th in -s e c L io n  te c h n iq u e s  are  p o s s ib l e .
C er ta in  p r a c t ic a l  ta s k s  a l s o  demand d a ta  r e la t e d  t o  sed im en t  
v o lu m es. T h ese  In c lu d e  (1 ) a s sa y in g  econom ic v a lu e ,  i f  an y , o f  th e  
sed im en t i t s e l f , ^  and (2 )  e s t im a t io n  o f  bu lk  p h y s ic a l  p r o p e r t ie s  su ch  
as p o r o s i t y ,  p e r m e a b il i ty ,  d e n s i t y ,  s t r e n g t h ,  and e l e c t r i c a l  p r o p e r t ie s .
A lth ou gh  volum e i s  th e  u lt im a te  o b j e c t iv e ,  th e  te c h n iq u e  u sed  may 
p r e v en t r ea c h in g  i t  d i r e c t l y .  I  have ch osen  to  d e a l w ith  lo o s e  g r a in  
t e c h n iq u e s , w hich  are  t i e d  to  sam p lin g  in  two d im en sio n s , a lth o u g h  th e  
sed im en t and i t s  c o n s t i t u e n t  g r a in s  a re  th r e e -d im e n s io n a l.  U n fo r tu ­
n a t e ly ,  d a ta  from lo o s e  g r a in  s t u d ie s  are  o f t e n  i r r e c o n c i la b le  w ith  
d a ta  from " v o lu m etr ic"  m easurem ents on th e  same sed im e n t, and good  
g e n e r a l " C o rrec tio n  F a c to r s" , w hich  w i l l  h o ld  tr u e  even  fo r  th e  s im p le s t  
m ech an ica l m o d els , seem to  be la c k in g .
The aim o f  t h i s  s tu d y  i s  to  p ro v id e  an a c c u r a te  means o f  c o n v e r t in g  
d a ta  from lo o s e  g r a in  s t u d i e s ,  as th ey  a re  commonly co n d u cted , in t o  a 
t h e o r e t i c a l  d i s t r ib u t io n  w hich  co rresp on d s as c l o s e l y  a s  p o s s ib le  to  
th e  r e a l  d i s t r ib u t io n  o f  c h a r a c t e r i s t i c s  by sed im en t volum e, i . e . ,  
ta k in g  eq u a l volum es to  be o f  e q u a l im p ortance o r  s t a t i s t i c a l  " w eigh t" .
T hree b a s ic  approaches have been  a ttem p ted : (1 )  tr a n s fo r m a tio n  o f
raw d a ta  by m u lt ip ly in g  o b served  fr e q u e n c ie s  o f  a l l  m easurem ents by  
c e r t a in  " c o r r e c t io n "  f a c t o r s ,  and p ro ceed in g  w ith  t h e o r e t i c a l  fr e q u e n c ie s
Vrhe i n i t i a l  purpose o f  t h i s  s tu d y  was to  su p p o rt j u s t  su ch  a 
p r o je c t  fo r  th e  L o u is ia n a  G e o lo g ic a l S u rvey , th e  f i n a l  r e p o r t  o f  w hich  
i s  s t i l l  In co m p le te .
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in s te a d  o f  r e a l  o n e s , (2 ) c o r r e la t io n  o f  b ia se d  and u n b iased  s t a t i s t i c s  
(means and stan d ard  d e v ia t io n s )  from m athem atica l m od els, and (3 ) a r t i ­
f i c i a l  s o r t in g  o f  th e  sed im ent ( s i e v in g ,  e t c . )  in t o  e n t i t i e s  w ith  a 
minimum o f  b ia s  w ith in  each s i z e  " fr a c t io n " .
None o f  th e s e  approaches i s  c o m p le te ly  s a t i s f a c t o r y .  T ransform ation  
o f  raw d ata  makes few a ssu m p tio n s , bu t c r e a te s  an in s id io u s  " u n co rrec t­
ib le "  b ia s  fo r  a l l  sam ples sh o r t  o f  a com p lete  c e n su s . C o r r e la t io n  o f  
s t a t i s t i c s  makes fo r  s im p le  o p e r a tin g  p ro ced u res , but i s  no more v a l id  
than th e  w ea k est o f  s e v e r a l  assu m ptions w hich  a re  req u ired  bu t fr e q u e n t ly  
I n v a lid  in  sed im en tary  r o c k s . S ie v in g  does n o t c o m p le te ly  e l im in a te  
b ia s ,  and i t  in tro d u c es  many m echanica l problem s in t o  a  problem  w hich i s  
a lr ea d y  t h e o r e t i c a l ly  com plex.
CHAPTER I  
NATURE OF LOOSE GRAIN RAW DATA 
C h a r a c te r ls t lc 8  o f  L oose G rain T ech n iq u es
The p o p u la r ity  o f  lo o s e  g r a in  s t u d ie s  in  sed im e n to lo g y  and p e tr o -  
g ra p h lc  r e se a r c h  I s  g r e a t  and a p p a r e n tly  grow in g , s o  th a t  a c o n s id e r a b le  
mass o f  d a ta  has accum ulated  and w i l l  p ro b a b ly  in c r e a s e  a t  a ra p id  r a te  
in  th e  f o r s e e a b le  fu tu r e .  T here a re  s e v e r a l  b a s ic  ad van ta g es  in  lo o s e  
g r a in  work w h ich  en cou rage t h i s .
F i r s t  o f  a l l ,  i t  i s  ch ea p . A minimum o f  la b o r a to r y  equipm ent and 
t r a in in g  i s  n e c e s s a r y ;  c o u n tin g  and m easu rin g  sand g r a in s  i s  an i n t e l ­
l e c t u a l l y  im p o v er ish ed  ta sk  w hich  can be c a r r ie d  o u t by n o n - te c h n ic a l  
la b o r . P r e p a r a tio n  o f  sam ples i s  s im p le  and in e x p e n s iv e .  The secon d  
advan tage i s  sp eed : th e r e  i s  no d e la y  fo r  c u t t in g ,  g r in d in g , and p o l i s h ­
in g  p roced u res w h ich  w ould be n e c e s s a r y  f o r  a com parable t h in - s e c t io n  
s tu d y . T h ir d ly , th e  d a ta  produced can be e a s i l y  m an ip u la ted  f o r  v a r io u s  
s t a t i s t i c a l  t e c h n iq u e s . T h is  i s  an a t t r a c t i v e  a s s e t  in  academ ic c i r c l e s ,  
w here su ch  f a c i l i t y  a t  h a n d lin g  d a ta  i s  im p r e s s iv e  in  t h e s i s  w ork. The 
e s t im a te s  p ro v id ed  a re  r e a s s u r in g ly  r e p e a ta b le  and n orm a lly  d i s t r ib u t e d ,  
a t  l e a s t  a f t e r  c o n v e r t in g  s i z e s  to  th e  p h i s c a l e .
T hus, lo o s e  g r a in  s t u d ie s  p ro v id e  a c o n v e n ie n t , d i r e c t ,  and in e x p e n ­
s i v e  so u rce  o f  in fo rm a tio n  about s e d im e n ts , so  lo n g  as th e  sed im en t can  
be e a s i l y  d isa g g r e g a te d  in t o  i t s  c o n s t i t u e n t  p a r t i c l e s .
Common Sam pling T echn iq u es
T hree commonly u sed  te c h n iq u e s  o f  s e l e c t i n g  g r a in s  f o r  measurem ent
4
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a r e  a s  f o l lo w s :  (1 )  ta k in g  a l l  g r a in s  w it h in  an a r e a , o r  " r ib b on " ,
(2 )  s e l e c t i n g  o n ly  a t  d i s c r e t e  p o in ts  on an a r b it r a r y  g r id ,  or  " p o in t -  
c o u n tin g " , and (3 )  s e l e c t i n g  o n ly  g r a in s  I n t e r s e c t e d  by a l i n e  o r  " tr a ­
v e r s e " . The f i r s t  o f  th e s e  produ ces d a ta  s t r i c t l y  a c co r d in g  to  number 
fr e q u e n c y . The secon d  produ ces d a ta  s t r i c t l y  p r o p o r t io n a l to  p r o je c t io n  
a rea s  o f  th e  g r a in s .  The t h ir d  produces d a ta  w h ich  are  a com plex I n t e r ­
a c t io n  o fn u m b er  freq u en cy , p r o j e c t io n  a r e a , sh a p e , and o r ie n t a t io n  w ith  
r e s p e c t  to  th e  l i n e .  Each method o f  s e l e c t i n g  g r a in s  c r e a t e s  I t s  own d i s ­
t r ib u t io n  o f  th e  p ro p e r ty  b e in g  m easured , and th e s e  d i s t r ib u t io n s  can be
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approxim ated by m a th em a tica l m odels and r o u g h ly  co n firm ed  by ex p er im en t. 
B ia s D e fin ed  and D em onstrated
" B ia s" , as th e  term  w i l l  be u sed  In  t h i s  s tu d y , in c lu d e s  any and a l l  
s y s te m a t ic  d i f f e r e n c e s  betw een  lo o s e - g r a in  d a ta  and th e  "V olum etric"  d i s ­
t r ib u t io n  o f  a  p r o p e r ty , i . e . ,  th e  d i s t r ib u t io n  w h ich  w ould be g e n e ra ted  
by random sam p lin g  o f  e q u a l (b u t v e ry  s m a ll)  volum e u n i t s .  Every ch a r a c ­
t e r i s t i c  o f  th e  sam p lin g  d i s t r ib u t io n ,  w h ich  d i f f e r s  from a  s im i la r  
c h a r a c t e r i s t i c  o f  th e  t h e o r e t i c a l  V o lu m etric  d i s t r ib u t io n  o f  th a t  same 
p r o p e r ty , i s  c o n s id e r e d  b ia s e d .
Of th e  th r e e  sam p lin g  te c h n iq u e s  m entioned ab ove , " p o in t-c o u n tin g "  
i s  th e  l e a s t  b ia s e d .  T h is  w i l l  be dem on strated  w ith  a r e a l  p h y s ic a l  
m od el, w h ich  i s  shown in  F ig u re  1 .
In  t h i s  f ig u r e ,  th e r e  a re  two " m in era ls" , rubber and s t e e l ,  w h ich
make up an a r t i f i c i a l  " sed im en t" . By number fr e q u e n c y , th e  r a t io  o f
rubber t o  s t e e l  i s  v e r y  d e f i n i t e  -  one p a r t  to  4 ,8 1 9 .  T h is  i s  a
^van d er  P la s ,  L . , " P re lim in a ry  Mote on th e  G ran u lom etric  
A n a ly s is  o f  Sed im en tary  R ocks", S ed lm en to lo g y  I  n o . 2 , June 1962,
1 4 5 -1 5 7 .
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s t a t i s t i c a l  " p o p u la tio n " , made up o f  e q u a lly  im portant g r a in s .  By a r e a , 
th e  r a t io  o f  s t e e l  to  rubber i s  about 1 6 -2 /3  to  1, so  th a t  th e  u lt im a te  
r e s u l t  o f  " p o in t-c o u n tin g "  to  i n f i n i t y  would approach t h is  r a t i o .  The 
s t a t i s t i c a l  p o p u la tio n  c o n s i s t s  o f  e q u a lly  Im portant " p o in ts"  on a 
g r id  (o r  v e ry  sm a ll area  u n i t s ) ; th e  t o t a l  p o p u la tio n  can o n ly  be 
e s t a b l is h e d  m e c h a n ic a lly , by f ix in g  th e  a r b itr a r y  sp a c in g  o f  th e  g r id .
By co u n tin g  a lo n g  a t r a v e r s e , th e  r a t io  o f  rubber to  s t e e l  becomes l e s s  
d e f i n i t e ,  b u t i s  about 600 "parts** s t e e l  to  1 "part" rubb er. The s t a t i s ­
t i c a l  p o p u la tio n  i s  v ery  hard to  d e f in e ,  s in c e  i t  in v o lv e s  (among o th er  
th in g s )  th e  p o p u la tio n  (? ) o f  a l l  p o s s ib le  t r a v e r s e  l i n e s .
A l l  o f  th e s e  r a t io s  are  s i g n i f i c a n t l y  b ia s e d , in  th e  same d ir e c t io n .  
T h is "sedim ent" was d e l ib e r a t e ly  assem bled  w ith  e x a c t ly  eq u a l volum es o f  
rubber and s t e e l .
F ig u re  1 . An A r t i f i c i a l  Sedim ent (B in om ia l; Standard D e v ia t io n  * 2% 4)
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The p h y s ic a l  c a u ses  o f  th e s e  b ia se d  r e s u l t s  are  v a r ie d . In  th e  
c a se  o f  number freq u en cy , a l l  g ra in s  c l e a r l y  do n o t have th e  same 
volum e.
In  th e  c a se  o f  p o in t -c o u n t in g , th e  rea so n  may n o t be ob viou s a t  
a l l ,  b u t i t  i s  s t i l l  so  s im p le  th a t  th e r e  i s  a tem p ta tio n  to  brush  i t  
a s id e  and look  fo r  a more s u b t le  answ er. S in ce  a l l  o f  th e s e  g ra in s  
are s p h e r ic a l ,  shape and o r ie n t a t io n  have no e f f e c t ;  th e  ca u se  i s  p u re ly  
a m atter  o f  g r a in  s i z e .  P o in t-c o u n t sam pling i s  c o n tr o l le d  by p r o je c t io n  
a r e a s , y e t  th e  o b j e c t iv e  i s  in  term s o f  volum e. The r a t io  betw een area  
and volum e ( f o r  any f ix e d  shape) i s  determ ined  by th e  o b j e c t ' s  s i z e .
For a l l  sp h e r e s , t h i s  can be ex p r essed  as fo l lo w s :
The o ccu rren ce  o f  "r" ( th e  r a d iu s ) in  th e  r ig h t-h a n d  s id e  o f  t h i s  
eq u a tio n  dem on strates th e  e f f e c t  o f  s i z e  on th e  r a t io  w hich i s  o f  
im portance to  u s .  T h is same procedure can be rep ea ted  fo r  any o th e r  
in t e r e s t in g  sh ap e, w ith  s im ila r  r e s u l t s .  For exam ple, a cube i s  a funda­
m ental shape w ith  e a s i l y  c a lc u la te d  a rea s  and volum e; as a lo o s e  g r a in ,  
i t  w i l l  alw ays r e s t  on one f a c e ,  so  th a t  i t s  p r o je c t io n  area  i s  a sq u a re . 
Taking one edge as th e  "Length",
Volume____________ _ _ L
P r o je c t io n  Area
A gain , " le n g th " , or  s i z e , d eterm in es th e  r a t io .  The r e la t io n s h ip  
betw een "L" and " 4 /3  r" fo r  g r a in s  o f  eq u a l volume w i l l  be a fu n c t io n  o f  
g r a in  shape and o r ie n t a t io n .
In  th e  c a se  o f  co u n tin g  a lo n g  a tr a v e r s e ,  both o f  th e  above fa c to r s
Volume




are  s t i l l  e f f e c t i v e ,  b u t a d d it io n a l  f a c t o r s  a re  a ls o  p r e s e n t .  
C onsequences o f  V olum e/A rea B ia s
The l o g i c a l  co n seq u en ces  o f  t h i s  s im p le  e x p la n a t io n  le a d  fa r  
beyond t h i s  a lg e b r a ic  e x p r e s s io n .  S in c e  th e  chance o f  en co u n ter  
a s s o c ia t e d  w ith  any g r a in  (o r  c a te g o r y  o f  g r a in s )  i s  a fu n c t io n  o f  
s i z e ,  th e  ch an ces o f  en co u n ter  w i l l  be more u n eq u al ( i . e . ,  b ia s e d )  
when th e  c o n t r a s t  b etw een  sm a ll and la r g e  g r a in s  i s  g r e a t e r .  The 
c o r o l la r y  i s  a l s o  tr u e :  when a l l  g r a in s  a re  th e  same s i z e ,  t h e i r
ch an ces o f  sam p lin g  a re  s t r i c t l y  in  agreem ent w ith  t h e i r  volum es ( i . e . ,  
a l l  g r a in s  a re  e q u a l)  so  th a t  th e  b ia s  i s  z e r o .  T hus, th e  amount o f  
b ia s  in h e r e n t in  any lo o s e - g r a in  raw d a ta  is_ a fu n c t io n  o f  " s o r t in g 11, 
or  th e  v a r i a b i l i t y  o f  s i z e s  found t o g e t h e r .  T h is  s i z e - s o r t i n g ,  a s  th e  
term  i s  u sed  in  g e o lo g y , c o v e r s  a t  l e a s t  two s t a t i s t i c a l  p aram eters:  
th e  v a r ia n c e  and th e  k u r t o s is  o f  th e  s i z e  d i s t r ib u t io n ,  as w e l l  as  
any o th e r  c h a r a c t e r i s t i c  w h ich  a f f e c t s  th e  r e l a t i v e  im p ortance o f  th e  
two " t a i l s "  o f  th e  d i s t r ib u t io n .
T h is  fundam ental c o n c e p t , o f  b ia s  b e in g  a fu n c t io n  o f  s o r t in g ,  
i s  more f u l l y  e x p lo r e d  in  th e  n e x t  c h a p te r . For th e  p r e s e n t ,  i t  i s  
s u f f i c i e n t  to  r e c o g n iz e  th e  c o n fu s io n  w h ich  r e s u l t s  from lo o s e - g r a in  
s t u d ie s  em bracing sed im en ts  o f  un eq u al s o r t in g  (and uneq ual b i a s ) .
In  s t a t i s t i c a l  te rm s, a l l  t e s t s  a re  confounded w ith  v a r ia n c e  (and p r e ­
sum ably o th e r  " so r t in g "  p a ra m eters) ev en  f o r  r ea so n a b ly  norm al s i z e  
d i s t r i b u t i o n s .
3I b l d . , p .  149.
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D ir e c t  I n t e r p r e t a t io n  o f  Raw D ata
I t  I s  c o n c e iv a b le  th a t  some r e s e a r c h e r s  a re  s im p ly  n o t  I n te r e s te d  
in  sed im en t vo lum es; o r , f o r  p u rp oses o f  id e n t i f y in g  " tren d s"  o r  c lo s e  
s y s te m a t ic  r e la t io n s h ip s  among a s e r i e s  o f  sa m p les , th e y  may n o t  ca re  
what p ro p er ty  o r  co m b in ation  o f  p r o p e r t ie s  th e y  a re  a c t u a l l y  m easu rin g , 
so  lon g  as th e  r e s u l t s  are  c o n s i s t e n t  fo r  any sam ple and show a  s i g n i f i ­
c a n t  r e la t io n s h ip  betw een  sa m p le s . F or t h e s e  w o rk ers , lo o s e  g r a in  raw 
d a ta  are  j u s t  a s  u s e f u l  as any o th e r  d a ta , and fr e q u e n t ly  ch ea p er  to  g e t .
I f  a v a l id  t e s t  fo r  H om ogeneity o f  V ar ia n ce  can be co n d u cted , to  
supplem ent th e  t e s t  o f  m eans, and th e  v a r ia n c e  i s  found to  be hom ogenous, 
th en  th e  s o r t in g  (and b ia s )  i s  presum ably u n ifo rm , and t e s t s  o f  means 
are presum ably s t i l l  v a l i d .  (A ssum ptions in v o lv e d  in  th e  t e s t  fo r  Homo­
g e n e ity  o f  V arian ce  o f  raw lo o s e - g r a in  d a ta  w i l l  be d is c u s s e d  under th e  
h ead in g  o f  "B ias o f  th e  Standard  D e v ia t io n " , in  C hapter I I I ) .  I f  s i g n i ­
f i c a n t  d i f f e r e n c e s  in  th e  v a r ia n c e  ( o f  th e  s i z e  d i s t r ib u t io n ,  a t  th e  
" p oin t"  or "error"  l e v e l )  a re  fou n d , th e y  can a ls o  be u sed  as a b a s i s  fo r  
d e s ig n  o f  o r th o g o n a l t - t e s t  p a t t e r n s ,  to  m in im ize th e  in e q u a l i t y  o f  b i a s .
For c e r t a in  s im p le  t a s k s ,  raw lo o s e - g r a in  d a ta  w i l l  a llo w  v a l id  
in t e r p r e t a t io n s ,  even  w ith  u n eq u al b ia s  fa c t o r s  p r e s e n t .  I f  a s i g n i f i ­
c a n t  d i f f e r e n c e  i s  found in  th e  "means" o f  any p r o p e r ty  d i s t r ib u t io n ,  i t  
i s  a s t a t i s t i c a l l y  s a f e  a ssu m p tio n , th a t  some r e a l  d i f f e r e n c e  e x i s t s ,  
and th e  o ccu rren ce  o f  any r e a l  d i f f e r e n c e  may be u sed  as  a v a l i d  b a s is  
fo r  c a t e g o r iz a t io n  o f  sed im en ts  in  d e s ig n  o f  fu r th e r  e x p e r im e n ts .
For any more t a n g ib le  p u rp o se , in t e r p r e t a t io n  o f  th e s e  confounded  
r e s u l t s  becomes f r u s t r a t in g  and v i r t u a l l y  f u t i l e .  F a i lu r e  t o  f in d  a 
s i g n i f i c a n t  d i f f e r e n c e  betw een  means ca n n o t be in t e r p r e te d  as  a la c k  o f  
r e a l  d i f f e r e n c e s ,  s in c e  any number o f  com b in a tio n s o f  u n eq u al v a r ia n c e ,
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m eans, sk ew n ess , k u r t o s i s ,  or  polym odal te n d e n c ie s  can c a n c e l  each  o th e r  
o u t .  F u rth erm ore, I t  I s  Im p o ss ib le  to  i s o l a t e  th e  so u r c e  o f  any s i g n i f i ­
c a n t d i f f e r e n c e  w ith o u t  t e s t i n g  fo r  a l l  o f  th e  above and fo r  a l l  t h e i r  
in t e r a c t io n s ,  and under some c o n d it io n s  i t  i s  im p o ss ib le  to  g e t  a  v a l id  
t e s t  o f  th e  H om ogeneity o f  V a r ia n c e . (S ee  C hapter I I I ) .
CHAPTER IX
TRANSFORMATION OF RAW DATA TOWARD AN UNBIASED DISTRIBUTION 
L im ita t io n s  and A ssum ptions
As a f i r s t  s te p  in  in v e s t ig a t io n ,  th e  s im p le s t  p o s s ib le  k in d  o f  
b ia s  was s e le c t e d  fo r  s tu d y . T h is was q u ic k ly  determ ined  to  be th e  
b ia s  g en era ted  by p o in t-c o u n t in g  o v er  a sed im ent composed o f  sp h eres  
whose s i z e s  w ere arranged in  c a te g o r ie s  o f  eq u a l in t e r v a l  on th e  Phi 
s c a l e .  T h is  In v o lv e s  th e  s im p le s t  p o s s ib le  r e la t io n s h ip  o f  a rea  to  
volum e, b ia s  b e in g  a l in e a r  fu n c t io n  o f  th e  g ra in  d iam eter  w ith  no 
p o s s ib le  e f f e c t s  o f  shape and o r ie n t a t io n .  No m atter  how many c a t e ­
g o r ie s  are u se d , th e  r a t io  betw een area  and volum e fo r  each  c a te g o ry  i s
determ ined  by Volume _ _ 4 r  , so  t h a t ,  g iv en  eq u a l volum es
P r o je c t io n  Area 3
in  each  c a te g o r y , th e  r e la t iv e  freq u en cy  w ith  w hich  g r a in s  w i l l  be
en cou n tered  i s  Pro le c t io n  Area _ 1 ; and s in c e  a l l  c a te g o r ie s
(U n it Volume) 4 / 3 *r
c o n ta in  th e  same nu m erica l c o n s ta n t , 1 / 1 . 3 3 3 . . . ,  th e  c o n s ta n t w i l l  alw ays 
c a n c e l ou t o f  th e  r a t io  betw een any two c a t e g o r ie s .  T h is le a v e s  o n ly  th e  
r e c ip r o c a ls  o f  th e  r a d i i  as th e  determ inan t o f  b ia s .  For w orking con ­
v e n ie n c e , th e  r a t io  o f  d ia m eters can be s u b s t i t u te d  fo r  th e  r a t io  o f  r a d i i .
Knowing th e  b ia s  r a t io s  fo r  a l l  c a te g o r ie s  in  th e  same sed im en t, 
r e la t iv e  to  th e  la r g e s t  g r a in , a s u f f i c i e n t l y  la r g e  p o in t-c o u n t  d i s t r i ­
b u tio n  can be r e -co n v er te d  o r  " transform ed” back in to  a V olu m etric  
d is t r ib u t io n  sim p ly  by m u lt ip ly in g  th e  number o f  " p o in ts"  counted  in  each  
c a te g o r y  by th e  r e c ip r o c a l o f  th e  b ia s  -  in  o th e r  w ords, by m u lt ip ly in g
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th e  o b served  " frequ en cy"  o f  ea ch  m easurem ent (and i t s  a s s o c ia t e d  p rod u ct  
moments, e t c . )  by th e  l in e a r  g r a in  d ia m eter  a s s o c ia t e d  w ith  each  
c a te g o r y .
As an exam ple o f  th e  proced u re j u s t  d e s c r ib e d , a s im p le  m odel was 
d ev e lo p ed  in  T a b le  I .  A " c o r r e c t io n "  o f  th e  mean s i z e ,  e x p r essed  in  
4 - u n l t s ,  I s  d e s ir e d .  The d i s t r ib u t io n  c o n s i s t s  o f  fo u r  eq u a l volum es 
o f  sed im en t (A ,B ,C , and D) in  th r e e  s i z e  c a t e g o r ie s  ( 0 ,  1 , and 2 4 ) . 
L in ea r  d ia m eters  are  l i s t e d ,  to  be u sed  as b ia s  " C o rrectio n  F a cto rs"
(C^) w ith in  each  c a te g o r y . In  s p i t e  o f  th e  com plex m a n ip u la tio n s  w hich  
must be c a r r ie d  o u t ,  a l l  means a re  e«pi> . ?sed in  4 - u n i t s ;  th e  o th e r  
" u n its"  w hich  a re  c r e a te d  by m u l t ip l i c a t io n  (m ost o f  w hich  have no ta n ­
g ib le  m eaning) have a l l  c a n c e l le d  o u t , so  th a t  a l l  means are  d i r e c t l y  
com parab le .
T h is  p r o c e ss  o f  m u l t ip l i c a t io n  has a "bonus" ad van tage th a t  no 
assu m p tion s are  n e c e s s a r y  w ith  regard  to  k u r t o s i s ,  o r  sk ew n ess , or  even  
u n i-  v e r su s  p o ly -m o d a lity . So lo n g  as th e  A rea P o p u la tio n  i s  e q u iv a ­
le n t  to  a com p lete  c e n su s , th e  V o lu m etr ic  P o p u la tio n  can  be f u l l y  
r e c o n s tr u c te d .
A fu r th e r  a d v a n ta g e , w hich i s  n o t pursued in  t h i s  s tu d y , i s  th a t  an 
a d d it io n a l  b ia s  f a c t o r  r e la t e d  to  g r a in  shape can e a s i l y  be I n s e r te d ,  
a lo n g  w ith  l in e a r  d ia m e te r s , f o r  each  c a te g o r y . Such shape " c o r r e c t io n s "  
w ould n o t le a d  to  s e r io u s  d i f f i c u l t i e s ,  s in c e  th e  number o f  c a t e g o r ie s  
can  be in c r e a se d  u n t i l  e v er y  g r a in  f a l l s  in t o  a s e p a r a te  c a te g o r y .
Each c a te g o r y  c o u ld  th en  have an a s s o c ia t e d  sh a p e .
The l im it in g  assu m p tion s a c t u a l l y  u sed  in  t h i s  s tu d y  ( s e e  p . 11) 
Ign ore many p o s s ib le  so u r c e s  o f  b ia s  known to  e x i s t  in  s e d im e n ts , but 
th e  method may s t i l l  be an approxim ate a n a lo g y  w ith  n a tu r a l sed im en ts
TABLE I
Transform ation o f  Loose Grain f e ta l  



























A 1 .0  min o 4 1 p o in t 0 P M 1 pt-mm 0  p t 4  —»
B mb mm i  4 2 po in ts 2 p W 1 p t— cm 1 pt-*-mm
C mb mm i  t 2 po in ts 2 p t-* 1 pt-mm 1 pt-*Hma
D •25mm 2 4 I4 p o in ts 8 p t - 4 1 pt-mm 2 pt-*-mm
S lfeS l
N •  L -----------
N
Z l i  -  U 4 n -  9 p te 12 p t—4
n
XCiKf" Lpt-nm ^ i ^ i ^ i *  ** pt-*-m a
MEANS:
I ' k - ’ V -
Z Ki Xi
n
_ « l .c  i -  12 p t-*  ■
" T p &
1.333 4
Tc -  S C lK iii
n
•  L ot-S-mm * 1 .0  4
L pt-mm
* Obtained by m u ltip ly in g  "C orrec tion  F&ctcr" (C^) by observed Frequencies ( & ) .
# Obtained by m u ltip ly in g  "C orrec tion  F actor" (C .) by observed Product Moment (K.X^).
MOTE* When th e  "Area" Population i s  con tinuous, I . e . ,  when th e  number o f ca teg o rie s  equals
th e  number o f p o in ts  counted, then  a l l  ^ * 1 , and th e  above form ulae a re  s im p li f ie d .
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p r o v id e d  t h a t  a "mean" o r  " in te r m e d ia te * 1 d ia m e te r  i s  m ea su red , and th a t  
b iz a r r e  g r a in  sh a p es  a r e  n o t  a b u n d a n t. A lth o u g h  many o f  th e  rem arks 
and c o n c lu s io n s  b e lo w  ca n  be a p p l ie d  to  b ia s  a r i s i n g  from  o t h e r  te c h n iq u e s  
o f  s e l e c t i n g  g r a in s ,  and from  g r a in  sh ap e  and o r i e n t a t i o n ,  o n ly  p o i n t -  
c o u n t d a ta  f o r  sp h e r e s  have b een  q u a n t i t a t i v e i y  e v a lu a t e d .
D isa d v a n ta g e s  o f  th e  F req u en cy  T r a n sfo r m a tio n
The d is a d v a n ta g e s  o f  t h i s  app roach  a r e  tw o fo ld :  th e  m a th e m a tic a l
a b s t r a c t n e s s  o f  b a s ic  s t a t i s t i c a l  I d e n t i t i e s ,  w h ich  te n d s  t o  o b sc u r e  
th e  u l t im a t e  g o a l s ,  and th e  f a i l u r e  o f  s m a ll  p o in t - c o u n t  " sam p les"  
to  f o l lo w  th e  m odel c o n d i t io n s  o f  a c o m p le te  c e n s u s ,  in  a c o n s i s t e n t  
m anner.
The f i r s t  o f  th e s e  d i f f i c u l t i e s  i s  p u r e ly  t h e o r e t i c a l .  The m u l t i ­
p l i c a t i o n  o f  f r e q u e n c ie s  r e d u c e s  b a s i c  s t a t i s t i c a l  d e f i n i t i o n s  su ch  a s  
"nM ( t h e  number o f  p o in t s  c o u n t e d ) ,  " u n ity " , and " d e g r ee s  o f  freedom "  
to  m ixed f r a c t io n s  w h ich  a r e  n o t  p u re  numbers -  i . e . ,  com p lex  f r a c t io n s  
w it h  e q u a l ly  com p lex  " u n its '*  a t t a c h e d .  O nly th e  r a t i o s  b e tw een  c a t e ­
g o r i e s ,  and c e r t a i n  p a ra m eters  (m ean, s ta n d a rd  d e v ia t i o n ,  e t c . )  have  
any d i r e c t  and t a n g ib le  i n t e r p r e t a t i o n .
The sec o n d  d i f f i c u l t y  i s  b o th  t h e o r e t i c a l  and p r a c t i c a l .  T h ere  
i s  a p e r s i s t e n t  d is c r e p a n c y  b etw een  tra n sfo rm ed  d a ta  o f  s m a ll  sa m p le s ,  
and s i m i l a r l y  tr a n sfo r m e d  d a ta  o f  la r g e  s a m p le s , ta k en  from  th e  same 
p o p u la t io n .  F u rth erm o re , i t  w i l l  b e  shown t h a t  t h i s  d is c r e p a n c y  i s  
due t o  an " u n c o r r e c t ib le  b ia s "  in h e r e n t  in  a l l  sa m p les  s h o r t  o f  a com­
p l e t e  c e n s u s .
F o r  a  s im p le  d e m o n str a t io n  o f  t h i s  e f f e c t ,  s e e  F ig u r e  2 ( a ,  b ,  
and c ) . F ig u r e s  2a and 2b co m p r ise  V o lu m e tr ic  and A r e a l p o p u la t io n s ,  
s i m i l a r  t o  th o s e  o f  T a b le  I .  F ig u r e  2c r e p r e s e n t s  a l l  p o s s i b l e  means
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(Xc ) d e r iv ed  from th e  transform ed d a ta , ta k in g  a l l  p o s s ib le  sam ples o f  
two p o in ts  e a ch . T h is Is  th e  b a s ic  s t a t i s t i c a l  r e fe r e n c e  w hich  must 
be u sed  to  e s t a b l i s h  c o n fid e n c e  l im i t s  fo r  our e s t im a te s  o f  th e  
V olu m etric  Mean, ( A ^ ) . As can be s e e n , th e s e  ’'corrected*' means do n o t  
con verge  on th e  V olu m etric  Mean. T h is means th a t  th e  lo n g -term  r e s u l t  
o f  r ep ea ted  sam p lin g , where o n ly  two p o in ts  are  taken in  each  sam ple, 
s t i l l  has an " u n c o r r e c t ib le  b ia s " , (Xc  -  A1̂ ) o r , as sym b olized
b elow , (H ).
The e x p la n a t io n  o f  t h i s  u n c o r r e c t ib le  b ia s  (H) In v o lv e s  th e  range 
o f  s i z e s  p r e se n t  in  each sam ple. A mean o f  any k in d  must be w ith in  
th e  range o f  th e  sam ple, no m atter  how th e  fr e q u e n c ie s  w ith in  th a t  
range a re  m u lt ip l ie d .  Sm all sam p les, g e n e r a lly  having a range s h o r te r  
than  th a t  o f  th e  t o t a l  p o p u la tio n , w i l l  u s u a l ly  be la c k in g  th e  c o a rse  
t a i l  -  w h ich , In term s o f  a r e a , i s  o n ly  a s u c c e s s io n  o f  rare  e v e n t s .
The f in e  t a i l ,  on th e  o th e r  hand, i s  a lm ost c e r t a in  to  be p r e s e n t , so  
th a t  most sm a ll sam ples are u n c o r r e c t ib ly  b ia se d  by e x c lu s io n  o f  th e  
c o a r se  t a i l .
The la r g e r  th e  sam ple, th e  more l i k e l y  th e  sam ple range i s  to  
eq u a l the p o p u la tio n  range, and e l im in a te  t h i s  r e s id u a l  (H ). Hence, 
th e  means from transform ed d ata  can be ex p ec ted  to  con verge on th e  
V olu m etric  Mean more and more f a i t h f u l l y  as n  i s  r a is e d  to  approach  
a c e n su s . T h is  a llo w s  some hope fo r  a ccu ra te  v o lu m etr ic  e s t im a te s  
o f  o th e r  p r o p e r t ie s ,  p rov id ed  th a t  n i s  la r g e  enough. But how la r g e  
i s  " la r g e  enough"?
U n c o r r e c t ib le  B ia s  (H) and Sample S iz e  (n)
Only two i n f a l l i b l e  answers can be g iv e n , w ith  regard to  sam ple 
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w ith  "replacement** o f  p ick ed  p o in t s ,  and (2 ) ji com p lete  cen su s i s  enough, 
when co u n tin g  each p ick ed  p o in t  o n ly  o n ce . To g e t  a co m p le te ly  u n b iased  
e s t im a te  from any sm a lle r  sam ple w i l l  r eq u ir e  in s e r t io n  o f  a new c o r r e c ­
t io n  f a c t o r ,  based  on assu m ptions a n d /or  d ata  n o t co n ta in ed  in  th e  
sam ple i t s e l f .
R e a l i s t i c  sam ple s i z e s  range from 2 to  500 p o in t s .  S in c e  th e  e x p la ­
n a t io n  o f  (H) demands th a t  i t  be a fu n c t io n  o f  ( n ) , and th a t  i t  
d im in ish es  as (n ) in c r e a s e s ,  th e  b eh a v io r  o f  (H) can b e s t  be seen  by 
s t a r t in g  w ith  ex trem ely  sm a ll sa m p les .
The model in  F igu re  2 i s  too  com plex fo r  fu rth u r  m an ip u la tio n  w ith ­
o u t v e ry  len g th y  a n a ly s is ;  th e  number o f  c a te g o r ie s  must be reduced fo r  
an i n i t i a l  e x p lo r a to r y  s tu d y . Two v ery  s im p le  m odels have been s u b s t i ­
tu te d :  (1 ) a sym m etrical b in o m ia l, w ith  “ 1 (T able IXa) and
(2 ) a sym m etrica l tr in o m ia l ,  w ith  = .707 4 (T ab le l i b ) . In  both  
c a s e s ,  (H) d ecrea sed  as (n) in c r e a s e d , as e x p e c te d . In  th e  tr in o m ia l,  
t h i s  d ecrea se  was rap id  enough to  a llo w  f i t t i n g ,  by t r i a l  and e r r o r , o f
e m p ir ic a l " estim a to r"  fo rm u la s. The form ula * 1 .1 4  ( i s  th e
n
b e s t  o f  th o se  t r i e d .
A s e r io u s  r e s t r i c t i o n  to  th e  u se  o f  t h i s  form ula can be seen  from  
com parison o f  s im ila r  sam ple s i z e s  w ith  d i f f e r e n t  m odels (b in o m ia l, 
t r in o m ia l ,  and th e  stand ard  normal o f  F igu re  2 ) .  The form ula above i s  
n o t an e x a c t  e s t im a to r  fo r  m odels o th er  than th e  tr in o m ia l .  I t  must 
th e r e fo r e  be a n t ic ip a te d  th a t  c a t e g o r iz a t io n ,  k u r t o s is ,  and p o ly ­
m o d a lity  are  a l l  l i k e l y  to  p la y  a p a r t in  d eterm in in g  % , so  th a t  i t  i s  
n e c e ssa r y  to  make a s p e c ia l  d e r iv a t io n  o f  form ulae fo r  each  s e t  o f  
a ssu m p tio n s. T h is underm ines th e  i n i t i a l  advantage o f  th e  " T ran sfor­
m ation o f  F req u en cies"  approach, m entioned on Page 11, th a t  assum ptions
la
TABLE I la
"U ncorrecM ble Rias" (H) and Sample S iz e  (n )  
fo r  a B inom ial Model w ith  <r̂  -  2 .0  4
Sample s i z e U n c o r re c tib le  B ias E stim ated  H
(n> Hn -  1 .1 *  ( /^ )
»
1 * 1 .7 6 5  4  * 2 .0 0 0  4  *
2 1 .5 6  4 1 .000  4
5 l.<*0 4 .6 6 7  4
* No c o r r e c t io n  p o s s ib le ,  s in c e  sam ple range i s  zero j d is t r ib u t io n
i s  id e n t ic a l  w ith  Area P o p u la tio n  d i s t r ib u t io n .
TABLE I lb
’'nn eor" ?^ *ib le  Bias" (H) and Sample S iz e  (n^
fo r  a T rinom ial Model w ith a k -  .707  4
E stim ated H
Sample s i z e U n c o r re c tib le  B ias n
(n ) <Hn> Hn .  I . I M V ' V
n
1 * 4  * .380  4  *
? . la y *  4 .1 9 0  4I .1255 4 .127  4
<♦ .0957  4 .095  4
5 .0761  4 .076  4
6 .0632  4 .065  4
7 .0556  4 .0 5 3  4
* No c o r r e c t io n  p o s s ib le ,  s in c e  sample ran#* i s  zero* d is t r ib u t io n
i s  id e n t ic a l  w ith  Area P o p u la tio n  d i s t r ib u t io n .
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r e g a r d in g  t h e s e  f a c t o r s  c o u ld  be e l im in a t e d .
Some C o n cep ts o f  th e  V a r ia n c e
A fo rm u la  f o r  th e  v a r ia n c e  o f  tr a n sfo r m e d  d a ta  ca n  be d e r iv e d  from  
an expand ed  form  o f  th e  m odel o f  T a b le  I .  (S e e  T a b le  I I I ,  b e lo w ) .  Un­
f o r t u n a t e l y ,  t h i s  fo r m u la , a s  in  th e  c a s e  o f  th e  m ean, i s  c o m p le te  o n ly  
f o r  m odel s i t u a t i o n s ,  i . e . ,  o n ly  when th e  A rea P o p u la t io n  i s  e q u iv a le n t  
to  a  c o m p le te  c e n s u s .
I n  a tte m p tin g  t o  g e n e r a l i z e  from  th e  "m odel" form u la  o f  T a b le  I I I  
to  a "sam ple" fo r m u la , th e  d e g r e e s  o f  freed om  e x p r e s s e d  by th e  denom i­
n a to r  becom e hard to  d e f in e  p h y s i c a l l y .  T h is  i s  b e c a u se  th e  sa m p lin g  
"n" h as b een  tra n sfo rm ed  i n t o  a com plex  f r a c t i o n  w it h  a b s t r u s e  u n i t s  
("point-m m ") a t t a c h e d .  O nly th e  r a t i o s  b etw een  "n", " d e g r ee s  o f  freed om ", 
and " u n ity "  s t i l l  r e t a i n  t h e i r  i d e n t i t y .  Even t h i s  com p lex  a b s t r a c t io n  
ta k e s  no a c c o u n t o f  e i t h e r  th e  " u n c o r r e c t ib le  b ia s "  ( 1 ^ ) ,  o r  th e  sk ew ­
n e s s ,  o f  th e  d i s t r i b u t i o n  o f  th e  v a r ia n c e  e s t im a t e s  (S c ) . T h u s, th e r e  
i s  no way t o  e s t a b l i s h  v a l i d  c o n f id e n c e  l i m i t s  f o r  any g iv e n  v a r ia n c e  
e s t im a t e  w ith o u t  a g r e a t  d e a l  o f  fu r th u r  a n a l y s i s .
Due to  th e  ex trem e  sk ew n ess  o f  th e  d i s t r i b u t i o n  o f  v a r ia n c e  e s t i ­
m ates o b ta in e d  by tr a n s fo r m a t io n  o f  d a ta  from  s m a ll  s a m p le s , a p u r e ly  
p h i lo s o p h ic a l  q u e s t io n  a r i s e s  a t  t h i s  p o i n t .  The "mean" and "mode" o f  
t h i s  d i s t r i b u t i o n  a r e  n o t  I d e n t i c a l .  Do we r e a l l y  w ant ( 1 )  an e s t im a t e  
w h ich  w i l l  be " u n b ia se d " . I . e . ,  w hose mean v a lu e  (o v e r  a l l  p o s s i b l e  
sa m p le s )  i s  I d e n t i c a l  w it h  th e  V o lu m e tr ic  v a r ia n c e ,  o r  (2 )  an e s t im a t e  
w h ich  i s  m ost o f t e n  c o r r e c t , i . e . ,  w h ose m odal v a lu e  (o v e r  a l l  p o s s i b l e  
sa m p le s )  i s  i d e n t i c a l  w it h  th e  V o lu m e tr ic  v a r ia n c e ?
T h is  p h i lo s o p h ic a l  q u e s t io n  rem ain s open  to  th e  r e a d e r , and m ust 
be s e t t l e d  by e a ch  r e s e a r c h e r  w it h  reg a rd  to  h i s  I n d iv id u a l  p ro b lem .
The m a th e m a tic a l o b j e c t i v e s  ab ove have n o t  b een  p u rsu ed  fu r th u r  In  t h i s
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s tu d y , in  fa v o r  o f  developm ent o f  an a l t e r n a t iv e  approach to  tr a n s ­
form ation  o f  d ata  based  p u r e ly  on model c o n d it io n s . w hich  avo id  t h is  
quandry. (S ee  C hapter I I I ,  b e lo w ).
A p p l ic a b i l i t y  o f  th e  M ethod: A Summary
T ran sform ation  o f  row p o ln t-c o u n t  d a ta  toward an un b iased  
(V o lu m etric) d i s t r ib u t io n ,  by m u lt ip l ic a t io n  o f  ob served  fr e q u e n c ie s  
w ith  a c a lc u la te d  " C o rrectio n  F a c to r" , i s  a p o t e n t ia l ly  p e r f e c t  means 
o f  r e c o n s tr u c t in g  th e  V olum etric  d i s t r ib u t io n  o f  p r o p e r t ie s ,  p rov id ed  
th a t  th e  p o in t-c o u n t  d i s t r ib u t io n  i s  e q u iv a le n t  to  a com plete  cen su s by 
a r e a .
In  p r a c t ic a l  term s, t h i s  means ta k in g  a cen su s on a g r id  in  w hich
(1 ) th e  la r g e s t  s in g le  g r a in  i s  in t e r s e c t e d  a t  l e a s t  o n ce , and (2 ) ev ery  
g r a in  c a te g o r y  i s  en cou n tered  in  p ro p o r tio n  to  i t s  p r o je c t io n  a r ea .
F a i l in g  t h i s  req u irem en t, th e  method i s  p r e c is e  o n ly  fo r  (1 )  v ery  
la r g e  sam ple s i z e s  (100 p o in ts  or  more) w hich  reduce th e  " u n c o r r e c t ib le  
M as"  to  an in s i g n i f i c a n t  l e v e l ,  or  (2 )  m od erate ly  la r g e  sa a tp les , w ith  
an a d d it io n a l  " c o rr e c tio n "  added, w hich  e s t im a te s  th e  u n c o r r e c t ib le  
b ia s  (Hjj) . T h is f a c t o r ,  (Hq) , in v o lv e s  assum ptions r e la t e d  to  " so r tin g "  
param eters o f  th e  V olu m etric  s i z e  d i s t r ib u t io n ,  i . e . ,  v a r ia n c e , k u r t o s ls ,  
polym odal te n d e n c ie s , and h ig h e r  moments. Sm all sam ples are v i r t u a l l y  
u n c o r r e c t ib le .
CHAPTER I I I
CORRELATION OF BIASED AND UNBIASED POPUIATIONS 
L im its  and A ssum ptions
In  sea rch  o f  an approach w hich  would p ro v id e  a v a l id  and c o n v en ien t  
tra n sfo rm a tio n  o f  e s t im a te s  from sm a ll sa m p les , th e  m odel form ulae  
d evelop ed  in  Chapter I I  ( s e e  T ab les I  and I I I )  w ere u sed  on a s e r ie s  o f  
s e le c t e d  m odels w hich s im u la te  c e r t a in  c o n d it io n s  a llo w in g  d ir e c t  
c o r r e la t io n  betw een sm a ll sam ple e s t im a te s  (e s t im a te s  o f  th e  Area Popu­
la t io n )  and u n b ia sed  cen su s param eters (V olu m etric  P o p u la t io n ) . The 
u lt im a te  number and co m p lex ity  o f  such m odels i s  u n lim ite d ;  s e v e r a l  
b a s ic  assum ptions had to  be made in  advan ce, in  ord er  to  l im it  th e  
problem .
F i r s t ,  a l l  V olu m etric  P o p u la tio n s  are  s y n m e tr ic a l, th a t  i s ,  th e  
skew ness i s  z e r o . S eco n d ly , ex ce p t fo r  th e  b in om ia l c a s e ,  k u r to s is  
and a l l  h ig h er  moments are  tak en  as th e  Standard Normal d is t r ib u t io n .  
T h ir d ly , a l l  shape and o r ie n t a t io n  o f  g r a in s  i s  assumed to  be uniform  
(a s  sp h eres  in  th e s e  m o d e ls ) , on each  s l i d e ,  as in  C hapter I I .  Fourth  
and perhaps m ost im p ortan t, a l l  m odels e x ce p t th e  b in o m ia l have a 
s in g le  mode.
Our e x p la n a tio n  o f  b ia s  r e q u ir e s  i t  to  be a fu n c tio n  o f  " so r t in g " ,  
and our m odels are  r e s t r ic t e d  so  th a t  " so r tin g "  can be equated  w ith  
v a r ia n c e  o f  th e  V olum etric  P o p u la tio n . The m odels s e le c t e d  fo r  t h is  
approach w ere s y s t e m a t ic a l ly  v a r ie d  so  th a t  stand ard  d e v ia t io n s  range 
from .0625  4 to  3 .0  and fr e q u e n c ie s  c a lc u la te d  as fa r  as +  fou r
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sta n d a rd  d e v ia t io n s  from  th e  mean w h erev er  p o s s i b l e .  B ia s  i s  a lw ays  
z e r o  when th e  v a r ia n c e  i s  z e r o .
Two o th e r  f a c t o r s ,  w hich  a r i s e  from m ech a n ica l o p e r a t io n s  o f  g r a in  
m easurem ent, and w h ich  a l t e r  o u r  e s t im a t e  o f  th e  v a r ia n c e  w ere  co n ­
s id e r e d :  (1 )  t r u n c a t io n  o f  th e  t a i l s  o f  th e  d i s t r i b u t i o n ,  and (2 )  p r o ­
g r e s s iv e  c a t e g o r iz a t io n  o f  th e  f i n e  t a i l .  The p aram eters o f  i n t e r e s t  
a r e  found in  T a b le  IV , and a re  g r a p h ic a l ly  e v a lu a te d  in  F ig u r e s  3 and 
4 .
B ia s  o f  th e  Mean
The m ost Im p ortan t s i n g l e  s e r i e s  o f  m o d e ls , i s  t h a t  c h a r a c t e r iz e d  
by th e  " sm o o th est p o s s ib l e  norm al d i s t r ib u t io n s "  ( i . e . ,  th o s e  h a v in g  32 
c a t e g o r ie s  p e r  4 - u n i t ,  a s  fa r  a s  sam ple range p e r m it s ) .  T h ese  r e p r e ­
s e n t  th e  g e n e r a l c a s e  f o r  a l l  n o r m a lly - d is t r ib u t e d  p r o p e r t ie s  w h ich  a re  
ta b u la te d  from m easurem ents ta k en  w ith  am ple m a g n if ic a t io n .  The r e l a t i o n ­
s h ip  betw een  v a r ia n c e  o f  th e  V o lu m etr ic  P o p u la t io n , and th e  co n seq u e n t  
b ia s  o f  th e  A rea P o p u la t io n  mean, i s  n o t  l in e a r ;  how ever, i t  i s  
s a t i s f a c t o r i l y  sm ooth and s in g le - v a lu e d .  The e f f e c t  o f  s l i g h t  tr u n ­
c a t io n  o f  b o th  t a i l s  o f  a v e r y  p o o r ly  s o r t e d  sed im en t (M odel N o. 23) 
i s  v e r y  s l i g h t ,  c a u s in g  v e r y  l i t t l e  d e v ia t io n  from  a sm ooth cu rv e  fo r  
t h i s  s e r i e s .
The" sec o n d  m ost im p o rta n t s e r i e s  o f  m o d e ls , i s  th a t  c h a r a c t e r iz e d  
by p r o g r e s s iv e  b ro a d en in g  o f  c a t e g o r ie s  ( i n  term s o f  4 - s c a l e )  a s  th e  
f i n e  t a i l  i s  ap p roach ed . T h is  i s  a common f a u l t  o f  m ic r o sc o p ic  t e c h ­
n iq u e s  in  g e n e r a l ,  n o t  j u s t  o f  lo o s e  g r a in s .  The tr o u b le  o r ig in a t e s  
from u se  o f  an a r ith m e t ic  s c a l e  to  ta k e  a l l  m easurem ents and th en  t r a n s ­
form ing t h e s e  m easurem ents d i r e c t l y  t o  th e  4 - s c a l e ,  w h ich  i s  l o g a r i t h ­
m ic . T h is  r e s u l t s  in  a v e r y  p r e c i s e  c a t e g o r iz a t io n ,  o r  sm ooth
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d i s t r i b u t i o n ,  f o r  c o a r s e  g r a in s  (up to  50 c a t e g o r ie s  p e r  4 - u n l t ) > b e c a u se  
on a 1 0 0 -u n it  a r ith m e t ic  s c a l e ,  th e  upper h a l f  (5 0  t o  100 u n i t s )  r e p r e ­
s e n t  o n ly  one 4 - u n i t .  A t th e  same t im e , th e  s i n g l e  a r i th m e t ic  d i v i s i o n  
betw een  1 and 2 on th e  1 0 0 -u n it  s c a l e  a l s o  r e p r e s e n ts  one 4 - u n i t ,  so  th a t  
m easurem ents in  t h i s  range a r e  v e r y  r o u g h ly  c a t e g o r iz e d ,  and th e  v a r ia n c e  
o f  t h i s  p o r t io n  o f  th e  d a ta  i s  n o t  com parab le t o  v a r ia n c e  a r i s i n g  from  
m easurem ents o f  th e  c o a r s e r  m a t e r ia l .  F u rth erm ore , th e  manner in  w h ich  
m easurem ents a r e  rounded o f f  i s  I n c o n s e q u e n t ia l  in  th e  c o a r s e r  m a t e r ia l ,  
b u t can  be o f  unw arranted  im p ortan ce  in  r o u g h ly  c a t e g o r iz e d  d a ta ,  ( I . e . ,  
th e  f i n e  t a i l )  c r e a t in g  a s p e c i a l  b ia s  o f  i t s  own. T h ese  d i f f e r e n c e s  
a r e  a c c e n tu a te d  by v o lu m e /a re a  b i a s ,  w h ich  f o r c e s  more m easurem ents to  
be ta k en  in  th e  f in e  t a l l .  The m od els o f  t h i s  s e r i e s  w ere  s e l e c t e d  to  
show th e  maximum p o s s ib l e  b ia s  c r e a te d  by a co m b in a tio n  o f  th e  above  
f a c t o r s ,  w ith o u t  a l lo w in g  any p a r t  o f  th e  d i s t r i b u t i o n  t o  be “ tr u n c a te d ” , 
i . e . ,  t o  f a l l  in  th e  unm easuraab le range b etw een  0 and 1 on th e  a r ith m e ­
t i c  s c a l e .
The th ir d  s e r i e s  o f  m odels co m p r ises  a  s e r i e s  o f  b in o m ia ls .  T h ese  
a r e  in  one s e n s e  th e  near-m inim um  c a t e g o r iz a t io n  o f  d a ta ,  w ith  c a te g o r y  
m id p o in ts  e q u iv a le n t  to  +  1 s ta n d a rd  d e v ia t io n  from  th e  mean o f  a  norm al 
c u r v e . In  a n o th er  s e n s e ,  th e y  a r e  tr u n c a te d  d i s t r i b u t i o n s ,  w it h  no t a i l s  
a t  a l l  beyond +  2 .  In  y e t  a n o th e r  s e n s e ,  th e y  a re  an o v e r -d e v e lo p e d  
p la t y k u r t ic  o r  r e c ta n g u la r  s e r i e s ,  in  w h ich  th e  c e n t r a l  te n d en cy  i s  
a c t u a l l y  d im in ish e d  to  z e r o .  In  a d d it io n  to  a l l  t h e s e ,  th e y  r e p r e s e n t  
th e  s im p le s t  p o s s ib le  c a s e  o f  p o ly m o d a lity , b e in g  b im odal w ith  two  
p e r f e c t l y - s o r t e d  m odes. T h is  l a s t  r o le  i s  th e  m ost i n t e r e s t i n g  o n e ,  
f o r  th e s e  m odels may r e p r e s e n t  th e  w h o le  c l a s s  o f  polym od al d i s t r i b u ­
t io n s  w h ich  w ere n o t  o th e r w is e  t e s t e d .  The b ia s  o f  th e s e  means i s
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c o m p a r a tiv e ly  s im p le , b e in g  a sy m p to tic  to  th e  4 5 °  s lo p in g  l i n e  w h ich  
would be a p e r f e c t  1 :1  c o r r e la t io n  o f  b ia s  w ith  th e  V o lu m etr ic  sta n d a rd  
d e v ia t io n .
W ith regard  to  tr u n c a t io n  o f  t a i l s , sy m m e tr ic a lly  tr u n c a te d  cu rv es  
w i l l  show leB s b ia s  o f  th e  mean than  th e  f u l l  d i s t r ib u t io n  d o e s . (S ee  
th e  s l i g h t  c lo c k w ise  f le x u r e  o f  th e  upper end o f  th e  cu rve f o r  S e r ie s  I ,  
on F ig u r e  3 . )  T ru n ca tio n  o f  one t a i l ,  on th e  o th e r  hand, c a u se s  a 
s e v e r e  b ia s  w hich i s  l im ite d  o n ly  by th e  range o f  rem ain in g  v a lu e s  o f  
th e  d i s t r ib u t io n .  T ru n ca tio n  o f  a d i s t r ib u t io n  can  be more o r  l e s s  
c o r r e c te d ,  u s in g  s ta n d a rd  s t a t i s t i c a l  t a b le s ,^  p ro v id ed  (1 )  th e  p o in t  
o f  tr u n c a t io n  i s  known ( t h i s  i s  g e n e r a l ly  a t  our l i m i t  o f  m a g n if ic a t io n ) ,
(2 )  no i n i t i a l  skew n ess i s  assum ed, and (3 ) l e s s  than 157. o f  th e  o r ig in a l  
d i s t r ib u t io n  has been  tr u n c a te d . I f  more o f  th e  d i s t r ib u t io n  i s  m is s in g ,  
th e  p o in t  o f  tr u n c a t io n  w i l l  f a l l  about 1 -1 /3  sam ple s ta n d a rd  d e v ia t io n s  
from  th e  sam ple mean, o v e r  a w id e range o f  o r ig in a l  d i s t r i b u t i o n s ,  so  
th a t  a l l  s t r o n g ly  tr u n c a te d  d i s t r ib u t io n s  ten d  to  " lo o k  a l ik e " .  I  have  
term ed t h i s  c o n d it io n  " M u tila ted " , s in c e  th e  t o t a l  d i s t r ib u t io n  can n ot  
be r eg e n e r a ted  from th e  sam ple mean and v a r ia n c e .
B ia s  o f  th e  S tandard  D e v ia t io n
S in c e  an u n -b la se d  e s t im a te  o f  th e  " so r t in g "  i s  needed  to  c a lc u la t e  
b ia s  o f  th e  mean (a b o v e ) , th e  same m odels w ere r e -u s e d  to  c a l c u la t e  b ia s  
o f  th e  S tandard  D e v ia t io n . The r e s u l t s  a re  com plex and v e r y  damaging to  
our c o n f id e n c e  in  e x tr a p o la t io n  from th e s e  m odels to  o t h e r s .
^H ald, A . "S t a t i s t i c a l  T a b le s  and F orm ulas" . New Y ork, John  
W iley  and S o n s, 1952, T a b les  IX and X.
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The f i r s t  s e r i e s ,  u s in g  " sm o o th est p o s s ib le "  d i s t r i b u t i o n s ,  shows 
an a lm o st  p e r f e c t  1 :1  c o r r e la t io n  b etw een  sam ple and V o lu m etr ic  v a r ia n c e s  
( s e e  T a b le  IV and F ig u r e  4 ) ;  th e  o n ly  e x c e p t io n  i s  th e  v e r y  p o o r ly  
s o r t e d  ex trem e (M odel No. 2 3 ) ,  w h ich  was v e r y  s l i g h t l y  tr u n c a te d  on b o th  
t a i l s . T h is  o c cu rr e d  b e c a u se  th e  com puter program  was o n ly  ex ten d ed  
th rou gh  a ran ge o f  16 ^ - u n i t s ,  and th e  P o p u la t io n  "Range" o f  +  4  S ta n ­
dard D e v ia t io n s  w ould  have c o v er e d  24 ^ - u n i t s .  A c t u a l ly ,  no su ch  s e d i ­
ment w ould  e v e r  be h an d led  w ith  o p t i c a l  t e c h n iq u e s ,  b e c a u se  th e  f in e  
extrem e w ould  have t o  be o b se rv e d  by X -ra y  m ethods and th e  c o a r s e  
extrem e m igh t w e ig h  s e v e r a l  t o n s .
The seco n d  s e r i e s ,  u s in g  "Minimum C a te g o r iz a t io n "  (w ith o u t  tr u n ­
c a t io n )  , chows o n ly  a  s m a ll  in c r e a s e  in  A r e a l s ta n d a rd  d e v ia t i o n ,  w h ich  
may be due t o  p r o c e d u r a l e r r o r s  in  round ing o f f  d a ta , w ith  su ch  rough  
c a t e g o r i e s .  I f  rou n d in g  o f f  was o f  no e f f e c t ,  th en  th e  S tan dard  D e v i­
a t io n  o f  c a t e g o r iz e d  d a ta  sh o u ld  b e  l e s s  th an  th a t  o f  sm oothed d a ta .
The l i m i t  o f  c a t e g o r iz a t io n  o f  p o o r ly  s o r t e d  m a t e r ia l  shown on Fugure 4 
i s  a sy m p to t ic  t o  th e  " sm o o th est p o s s ib le "  c u r v e , b e c a u se  as th e  s o r t in g  
g e t s  p o o r e r , th e  d i s t r i b u t i o n  m ust e x te n d  i t s  c o a r s e  t a i l  in t o  a sm oothed  
r a n g e , o r  e l s e  th e  f i n e  t a i l  must be tr u n c a te d .
The t h ir d  s e r i e s  o f  m od els r e v e a ls  a P a n d o ra 's  Box o f  t r o u b le s  w h ich  
a w a it  th e  i n v e s t i g a t i o n  in  th e  rea lm  o f  po lym od al s i z e  d i s t r i b u t i o n s .
The b in o m ia l may be c o n s id e r e d  as  th e  s im p le s t  p o s s i b l e  b im od al d i s t r i ­
b u t io n ,  so  th a t  i t s  b e h a v io r  i s  h ig h ly  s i g n i f i c a n t .  As a lw a y s , th e  cu rv e  
m ust p a ss  th rou gh  th e  o r i g i n ,  and up t o  a c o n d it io n  o f  1 .0  
th e  b ia s  i s  e a s i l y  h a n d le d . H ow ever, from  t h i s  p o in t  o n , s t a t i s t i c a l  
p ro ced u res  becom e awkward (a s  th e  cu rv e  f l a t t e n s ) ,  im p o s s ib le  (a s  th e  
cu rv e  g o es  th rou gh  a r e g io n  o f  z e r o  s l o p e ) ,  and f i n a l l y  c a t a s t r o p h ic
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(a s  th e  cu rv e  r e tu r n s  toward z e r o ) .  T hus, two s o lu t io n s  e x i s t  f o r  ev er y  
p rop osed  c o r r e la t io n  o f  A rea l and V o lu m etr ic  param eters in  some bim odal 
d i s t r i b u t i o n s .  A ls o ,  th e  A rea l " so r t in g "  may be g e t t in g  b e t t e r  and 
b e t t e r  w h ile  th e  " V olum etric"  s o r t in g  i s  g e t t in g  w orse  and w o r se . In  
bim odal s e d im e n ts , th e  naked ey e  may p r o v id e  more a c c u r a te  e s t im a te s  
than  a la r g e  s t a t i s t i c a l  sa m p le .
The rea so n  fo r  t h i s  in t o le r a b le  b e h a v io r  i s  s im p le : th e  g r e a te r
th e  s i z e - c o n t r a s t  betw een  two m odes, th e  l e s s  "w eight"  th e  c o a r s e r  
mode w i l l  c a r r y  in  th e  A r ea l P o p u la t io n . The o n ly  v a r ia n c e  w h ich  i s  
s t r o n g ly  r e p r e se n te d  in  p o in t -c o u n t  d a ta  w i l l  be th e  v a r ia n c e  w ith in  
th e  f i n e s t  mode m e a su r ea b le . Under th e s e  c o n d it io n s ,  i t  i s  im p o ss ib le  
to  p ro ceed  w ith  b ia s  " c o r r e c t io n "  by d i r e c t  c o r r e la t io n  w ith o u t  h a v in g  
p r io r  know ledge o f  th e  V o lu m etric  P o p u la tio n  -  i t  must be known to  be  
u n im od al. O th erw ise , th e  u n su sp e c t in g  com parison  o f  a w e l l - s o r t e d  
unim odal sed im en t w ith  a bim odal sed im en t w hose f i n e s t  mode i s  w e l l -  
s o r te d  (o r  tr u n c a te d )  w i l l  g e n e r a l ly  r e s u l t  in  "proof"  th a t  th e  bim odal 
sed im en t has th e  b e t t e r  s o r t in g ,  r e g a r d le s s  o f  w hat i t s  c o a r s e r  mode 
i s  l i k e .
The e f f e c t  o f  t r u n c a t io n , even  th e  s l i g h t  tr u n c a t io n  o f  Model No. 
2 3 , i s  a l s o  to o  s tr o n g  to  Ig n o r e . The e r r o r  i s  a lm o st .7 5  4 - u n l t ,  or  
% o f  th e  V o lu m etr ic  Standard  D e v ia t io n .
A p p l i c a b i l i t y  o f  th e  M ethod: A Stmnary
B efo re  a tte m p tin g  t o  " c o r r e c t"  lo o s e  g r a in  d a ta  by c o r r e la t io n ,  
i t  must be known in  advance th a t  a  sed im en t i s  u n im odal, o r  e l s e  
d ir e c t  c o r r e la t io n  o f  A rea l s t a t i s t i c s  w ith  V o lu m etr ic  p aram eters i s  
v i r t u a l l y  h o p e le s s . When th e  u lt im a te  ta s k  o f  c o r r e la t in g  polym odal
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d is t r ib u t io n s  i s  a ttem p ted , in c lu d in g  th o se  w hich  are n o t sy m m etr ica l,
th e  e n t ir e  area  o f  th e  graph o f  F ig u re  4 to  th e  r ig h t  o f  ( ■ 1
may be a s o l i d  mass o f  b la ck  l i n e s .
For th e  p r e se n t , e s t im a t io n  o f  b ia s  by model c o r r e la t io n  i s
p o s s ib - le , i f  th e  V olu m etric  P o p u la tio n  i s  known to  fo l lo w  th e  Standard  
Normal D is t r ib u t io n .  B ia s  o f  th e  Standard D e v ia tio n  i s  th en  i n s i g n i f i ­
c a n t so  lon g  as (1 )  th e  d is t r ib u t io n  i s  n o t tr u n ca ted , and (2 )  adequate  
m a g n if ic a t io n  i s  m a in ta in ed  fo r  a l l  m easurem ents. B ias o f  th e  mean 
can th en  be e s t im a te d , knowing th e  V olu m etric  Standard D e v ia t io n , and 
th e  sam ple mean can be c o r r e c te d  w ith o u t r e s id u a l b ia s .
Bias o f th e
TABLE IV
Mean and S tandard  d e v ia tio n  f o r  S e le c te d  Models






d e v ia tio n
°B
C a te g o risa tio n T runcations Comments
1 ) .0625 0 .003 4 .0 6 2 6  0 Smooth None
2 ) .0625 4 •016 0 .0683  0 H alf smooth; p ro g re ss iv e None Not p lo tte d  on F ig s . 3>6
3) .0625 4 .750 4 7.0013 0 Minimum -  one ca tegory ! None Bounded toward f in e  t a i l
uj “ 3 5  4 .063 4 .2^0 0 Smooth None
5) •25 4 .053 4 .256 0 H alf smooth; p ro g ress iv e None Not p lo t te d  on F ig s . 3 f 6
6i - •5 2  t .6 6 1  4 .689 0 Mini mam: p ro g ress iv e None Bounded tow ard finm  t a i l7) •SO 4 .173 4 •1*99 0 Smooth None
8 } .50 0 .188 4 .510 0 H alf smooth; p ro g ress iv e None Not p lo t te d  on F ig s . 3 ,6  
Bounded tow ard f in e  t a l l9) .50  * .667 4 .662 0 Mini mmi ;  p ro g ress iv e None
1X>) _ ^ o _ _ * .1 6 7  4 .552 0 (Two c a te g o r ie s ) None? Sym m etrical b inom ial
U \ •75 0 .389 * .769 0 Smooth None12 ) •75 4 •620 4 .772 0 H alf smooth; p ro g ressiv e None Not p lo t te d  on F ig s . 3 ,6
13) .75 0 .578 0 •862 0 Minimum; p ro g ress iv e None Rounded toward f in e  t a i l
15)
1 .0 0  4 .692 # *998 0 Shooth (excep t f in e s ) None B lo tte d  a s  "smooth"
1.00 i .751 4 1.062 0 H alf smooth; p ro g ress iv e None Not p lo t te d  on F ig p . 3 ,6
16) i .o o  4 .837 0 1.100 0 Minimum; coarse  t a i l  smooth None Rounded toward f in e  t a i l
17) l .o o  4 .6 0 0  0 •800  0 (two c a te g o r ie s ) None? Sym m etrical binom ial
1 0 ) 1 .50  4 "  1155?T 1.506 0 Smooth (excep t f in e s ) None rL o tted  as '“smooth”
iy) 1 .50  4 1.738 0 1.600  0 H alf smooth; p ro g re ss iv e S l ig h t , f in e  on ly P lo tte d  as "ca tego rized"
20 1 .50  4 1.168 0 .962 0 (two c a te g o r ie s ) None? Sym m etrical b inom ial
2 1 ) 2 .0 0  4 2.870 0 2.078 0 Smooth (excep t f in e s ) None Extends to  range l im i ts
22 ) 2 .0 0  0 1.765 0 .962 0 (two c a te g o rie s ) None? Sym m etrical b inom ial
23) 3 .0 0  4 5 3  56 0 2 .3 0 0  0 Smooth (excep t f in e s ) O.3793t,both t a i l s Exceeds range l im its
26) 3 .00  4 2.910 0 .739 0 (two c a te g o r ie s ) None? Sym m etrical b inom ial
25) 6 .0 0  4 3 .970  0 •696 0 (two c a te g o r ie s ) None? Sym m etrical b inom ial
26) 5.oo 4 6.999 0 .312 0 (two c a te g o r ie s ) None? .Sym m etrical b inom ial
ro'O
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ARTIFICIALLY SORTED MATERIALS 
(MULTIPLE ANALYSES OF SIEVED FRACTIONS)
L im its  and A ssum ption s
Knowing th a t  b ia s  i s  a fu n c t io n  o f  s o r t in g ,  and th a t  s o r t in g  can be 
reduced m e c h a n ic a lly  b e fo r e  a sed im en t i s  s u b je c te d  to  lo o s e - g r a in  
a n a ly s i s ,  th e  b ia s  o f  lo o s e - g r a in  p roced u res can  be d r a s t i c a l l y  reduced  
by s i e v in g  (o r  o th e r w ise  s e p a r a t in g )  a sed im en t in t o  a la r g e  number o f  
w e l l - s o r t e d  s i z e  " fr a c t io n s "  and c o u n tin g  o v er  each  f r a c t io n  s e p a r a t e ly .  
T h is has in  f a c t  been  d on e,^  a lth o u g h  th e  o r ig in a l  pu rp ose o f  t h i s  p ro ­
ced u re  may have had n o th in g  to  do w ith  lo o s e - g r a in  d ata  b i a s . The 
o v e r a l l  s i z e  d i s t r ib u t io n  i s  d eterm in ed  from r a t io s  o f  s i e v e - f r a c t i o n  
w e ig h ts ,  so  th a t  t h i s  much o f  th e  a n a ly s i s  i s  n o t  s u b j e c t  to  V olum e/A rea  
b ia s  e x c e p t  as g r a in  sh ap es may a f f e c t  b e h a v io r  o f  g r a in s  d u rin g  
s c r e e n in g .
The b ia s  w ith in  any s i z e  f r a c t io n  ( i n  c o m p o s it io n , sh a p e , o r  o th e r  
p r o p e r t ie s  b e in g  m easured) can be no g r e a te r  than  th e  range o f  s i z e s  w ith in  
th e  f r a c t io n .  T h is  a llo w s  th e  b ia s  t o  be c o n t r o l le d  by th e  number o f  
s i e v e s  u se d , w ith  s p e c ia l  p r e c a u tio n s  a g a in s t  "open-end" c a t e g o r ie s ,  
w h ich  would s t i l l  have p o t e n t i a l l y  u n lim ite d  b i a s .  In  o th e r  w ord s, 
th e r e  must be no g r a in s  w hich  f a i l  to  p a ss  th e  f i r s t  s i e v e ,  and e v e r y th in g
^ R u s s e l l ,  R. D .,  and T a y lo r , R. E . ,  "Roundness and Shape o f  
M is s i s s ip p i  R iv er  Sands" , J o u r . G e o l. XLV n o . 3 , 1937, 2 2 5 -2 6 7 .
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in  th e  pan must be d isc a r d e d  or t r e a te d  as  a s e p a r a te  p o p u la t io n .
T h is  approach in tr o d u c e s  a w h o le  new s e t  o f  a ssu m p tio n s , r e la t e d  
to  m ech a n ica l problem s o f  th e  s i e v in g  p r o c e s s .  Some o f  th e s e  a re:
(1 )  w e ig h t can  be tran sform ed  in t o  volum e, (2 ) a l l  g r a in s  a re  e q u a lly  
d u ra b le  under s t r e s s  o f  s c r e e n in g , and (3 )  shapes are  u n ifo rm , a t  
l e a s t  in s o f a r  as th e y  a f f e c t  b e h a v io r  o f  g r a in s  d u rin g  s c r e e n in g . A l l  
o f  th e s e  a ssu m p tio n s , i f  v io la t e d ,  w i l l  a f f e c t  th e  o v e r a l l  suoraatlon o f  
c h a r a c t e r i s t i c s  in  th e  sed im en t a n d /o r  th e  b ia s  p r e se n t  w ith in  any s i e v e  
f r a c t io n .
A p p l ic a b i l i t y  o f  th e  Method
Some b ia s  i s  alw ays p r e s e n t ,  e x c e p t  w here th e  s iz e - r a n g e  w ith in  a 
f r a c t io n  i s  zero  -  in  o th e r  w o rd s, w here e v er y  g r a in  has come to  r e s t  
on a d i f f e r e n t  s i e v e .  T h is  means th a t  a r t i f i c i a l  s o r t in g  m ust be used  
in  co m b in a tio n  w ith  one o f  th e  o th e r  te c h n iq u e s , in  ord er  to  g iv e  com­
p l e t e l y  u n b ia sed  d a ta .
Taken a lo n e ,  t h i s  approach i s  n o t ca p a b le  o f  th e  same p r e c is io n  
w h ich  can be d e r iv e d  from o th e r  la r g e -sa m p le  te c h n iq u e s , w ith o u t u s in g  
an awkward m ech a n ica l arran gem en t. M easurement d a ta  on lo o s e  g r a in s  may 
u t i l i z e  up t o  50 c a t e g o r ie s  p er  4 - u n i t ,  p ro v id ed  th e r e  i s  ad eq u ate m agni­
f i c a t i o n ,  w h ile  m ost s i e v e  a n a ly s e s  a re  l im ite d  to  two to  fo u r  f r a c t io n s  
p e r  4 - u n i t .
A lth ou gh  t h e o r e t i c a l l y  im p e r fe c t , t h i s  method may s t i l l  be u sed  to  
ad van tage in  th e  c a s e  o f  polym odal s e d im e n ts . I d e n t i f i c a t i o n  a n d /o r  
s e p a r a t io n  o f  d i s t i n c t  m odes, w h ich  can th en  be han dled  by o th e r  m ethods 
a lr e a d y  d is c u s s e d ,  may be a w o rth w h ile  u n d e r ta k in g .
SUMMARY AND CONCLUSIONS
The u s e f u ln e s s  o f  lo o s e - g r a in  s t u d ie s  i s  o f t e n  hampered by b ia s  
f a c t o r s  w h ich  a r i s e  from  th e  m ethod o f  s e l e c t i n g  g r a in s  f o r  m easu rem en t. 
Where d a ta  m ust be in t e r p r e t e d  in  term s o f  apd-lTnont- v o l u m e , th e  t e c h ­
n iq u e s  m ost commonly u se d  a l l  g iv e  v a r y in g  d e g r e e s  o f  b ia s  in  fa v o r  o f  
th e  f i n e  t a i l .  T h is  b ia s  i s  a f u n c t io n  o f  s o r t i n g , o r  th e  c o n t r a s t  in  
s i z e s  p r e s e n t  on a s i n g l e  s l i d e  d u r in g  c o u n t in g .
P o in t -c o u n t  d a ta  w ere  s t u d ie d  in  d e t a i l ,  and th r e e  b a s i c a l l y  d i f ­
f e r e n t  ap p ro a ch es to  b ia s  " c o r r e c t io n "  w ere e x p lo r e d . None o f  t h e s e  i s  
c o m p le te ly  s a t i s f a c t o r y .
T ra n sfo r m a tio n  o f  sam p le  d a ta  by m u l t i p l i c a t i o n  o f  o b se r v e d  f r e ­
q u e n c ie s  o f  m easurem ents (o r  c a t e g o r i e s )  makes few  b a s ic  a s su m p tio n s , 
b u t le a v e s  a r e s id u a l  " u n c o r r e c t ib le  b ia s "  w h ich  i s  a f u n c t io n  o f  sam p le  
s i z e  and n o r m a li ty  o f  th e  V o lu m e tr ic  d i s t r i b u t i o n .  T h is  app roach  i s  
a c c u r a te  o n ly  when la r g e  numbers o f  p o in t s  a r e  c o u n ted  and m a g n if ic a t io n  
i s  e x c e l l e n t .
C o r r e la t io n  o f  "sam ple"  and V o lu m e tr ic  p a ra m eters  (mean and s ta n d a r d  
d e v ia t i o n )  b a sed  on m odel ( i . e . ,  c e n s u s )  c o n d i t io n s  w i l l  y i e l d  u n b ia se d  
r e s u l t s  f o r  s m a ll  sa m p le s , b u t t h i s  app roach  I s  d ep en d en t upon b a s ic  
a ssu m p tio n s  w h ich  a r e  f r e q u e n t ly  i n v a l i d .
A r t i f i c i a l  s o r t i n g  o f  m a t e r ia l  w i l l  m in im ize  b ia s  w i t h in  e a ch  f r a c ­
t i o n  s t u d ie d ,  b u t th e  r e s u l t s  a r e  n e v e r  c o m p le te ly  u n b ia se d  and th e  
number o f  a n a ly s e s  m u l t i p l i e s  a lo n g  w ith  th e  number o f  s i e v e s  u s e d . I t
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may be advan tageous, however, to  combine t h i s  tech n iq u e  w ith  another o f  
the above, in  order to  id e n t i f y  an d /or  sep a ra te  the "modes" o f  polym odal 
sed im e n ts .
As a r e s u l t  o f  a l l  t h i s ,  the i n i t i a l  advantages o f  lo o s e -g r a in  
data (ch ea p n ess, s im p l ic i t y ,  sp eed , and e a se  o f  s t a t i s t i c a l  a p p lic a ­
t io n )  are a l l  s e r io u s ly  compromised. The f i r s t  s t e p ,  in  any program  
u s in g  lo o se  g ra in  d a ta , shou ld  be to  determ ine th e  e x is t e n c e  or absence  
o f  polym odal s i z e  d is t r ib u t io n s ,  even i f  t h i s  req u ires  a p re lim in a ry  
a n a ly s is  o f  randomly s e le c t e d  sam ples by s ie v in g  or t h in - s e c t io n  te c h ­
n iq u e s . Where p o lym od a lity  e x i s t s ,  lo o s e -g r a in  data are s e r io u s ly  
handicapped and i n e f f i c i e n t .  W ithin th e  unim odal sed im en ts , th e  number 
o f  p o in ts  counted must be s u f f i c i e n t  to  reduce th e  " u n co r r ec tib le  b ia s"  
to  a l e v e l  w hich w i l l  n o t in t e r f e r e  w ith  any com parison o f  means, or  
e l s e  a l l  t e s t s  o f  means must be r e s t r ic t e d  to  com parisons between groups 
whose s o r t in g  i s  dem onstrably id e n t i c a l .
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